Abstract-In this paper, we investigated the speech perception under effects of coarticulation within syllables, including estimating the nuclei and coarticulated transition intervals of phonemes, and investigating the perception of nuclei and coarticulated transition intervals of phonemes within syllables. To complete these objectives, we firstly proposed the folded spectral transition measure to estimate the boundary points between the nuclei interval and coarticulated transition intervals. Then, we conducted experiments to investigate the syllable identification and syllable quality evaluation under effects of coarticulation. The experimental results show that human can identify the syllables with the retaining intervals equal or wider the coarticulated transition intervals. Besides, the experimental results show that the nuclei intervals are still important for speech quality perception; the quality of truncated syllables retaining the two phoneme nucleus and coarticulated transition interval between the two phonemes within syllable is equivalent with the quality of original two-phoneme syllables.
I. INTRODUCTION
Coarticulation is a phonological phenomenon, always occurring in all languages for all sequences of sounds not separated by pauses. Without appropriate coarticulation the resulting speech sounds unnatural and is hard to understand.
In the literature, many coarticulation models have been proposed [1] - [3] . Applying these models, speech perception under effects of coarticulation has been investigated. Furui [4] showed that human even can identify the vowel, consonant and syllable only with the transitions when vowel nucleus are truncated. However, state of the art speech recognition and concatenative speech synthesis show that the vowel nucleus, related to static information of syllables, play important role. This contrary needs to be clarified by further experiments.
Spectral transition is closely related to speech perception in coarticulation [4] . Based on spectral transition measure (STM), there are some methods to estimate the boundary points between the phonemes [4] , [5] and to estimate the nuclei points, related to the locations of the idealized articulatory targets of phonemes [6] , [7] .
However, it is still a lack of efficient methods for automatically estimating the nuclei intervals and the This paper therefore is to investigate the speech perception under effects of coarticulation within syllables, including estimating the nuclei and coarticulated transition intervals of phonemes, investigating the perception of nuclei and coarticulated transition intervals of phonemes within syllables. To complete these objectives, we conducted experiments in a Vietnamese speech dataset, presented in the section V.
II. COARTICULATION THEORY AND MODELS
The articulatory phonological theory [8] regards gestures as the basic units of phonological contrast. A gesture is the movement of one articulator from an articulatory position characteristic of one speech sound to an articulatory position characteristic of the next speech sound. Articulatory gestures overlap. Articulatory overlap is the basis of coarticulation.
In the most basic model of articulatory planning, Locus [1] , each phoneme has a single ideal articulatory target for each contrastive articulator independent of the neighboring phonemes. These ideal targets locate around the centers of the phoneme nucleus [6] , [7] . Under effects of coarticulation, the transition between two phonemes is described as the movement between the two ideal targets of the phonemes. This transition shares the articulatory and acoustic characteristics of the two targets of both phonemes and gradually changes from being predominantly like the first phoneme target to predominantly like the second phoneme target.
The Kozhevnikov-Chistovich model [2] founds coarticulation within syllable but not across syllables. Thus, they have been used to model coarticulation between phonemes within syllables. These models are considered suitable for modeling speech in monosyllable languages, in which coarticulation is supposed to occur between phonemes within syllable rather than across the syllables.
The Wickelgren [3] is the model that mentally codes speech units as context-sensitive units, thus each phoneme is just affected by the two nearest neighboring phonemes. Wickelgren is the most popular model currently used in HMM-based speech recognition and synthesis.
Target undershoot is a phonological phenomenon, occurring when there is insufficient time for an articulator to reach its target position. Thus, target undershoot is not clear described by simple models of articulatory planning. However we can avoid the target undershoot by using the speech that is pronounced clearly and slowly.
In articulatory phonology theory of Browman [8] , there is more than one single target in each phoneme. Targets of one phoneme might be located at different locations in time. The articulatory phonology theory suggests us a supposition that it exists a nuclei interval of each phoneme. In this nuclei interval, there are some intra-targets of the phoneme, coarticulation occurs between these targets within the nuclei interval. The phoneme to phoneme coarticulation only occurs from the right outermost target of the prior phoneme to the left outermost target of the next phoneme. The coarticulated transition interval between phonemes therefore is approximately estimated by the transition interval between the two outermost targets. It is known that there is no articulatory target at the transition interval; thus, we attempted to estimate the phoneme nuclei interval separately with the coarticulated transition interval of each phoneme in this work.
III. SPEECH PERCEPTION UNDER EFFECTS OF COARTICULATION
In the literature, many researchers have taken into account the effects of coarticulation on speech perception. Furui [4] found that the dynamic spectral information caused by coarticulation is critical for vowel, consonant and syllable perception. Furui also showed that human even can identify the vowel, consonant and syllable only with the transition when vowel nuclei is attenuated to silence or truncated.
State of the art computer-based speech recognition show that both static (eg. MFCC) and dynamic (eg. Delta MFCC) information are important [9] . Speech could not be perfect recognized only with dynamic features. Moreover, in state of the art concatenative speech synthesis, the vowel nucleus play critical role for high quality speech synthesis [10] , [11] .
Therefore, although human can recognize speech with only dynamic features, both of static (eg. phoneme nucleus) and dynamic features (eg. transitions) are important for perfectly recognizing and naturally perceiving continuous speech. This supposition has not been clarified in the previous researches and need to be confirmed by further experiments.
Fig. 1. Transition and nuclei intervals
In experiments of Furui [4] , the coarticulated transition interval, bearing the most important information of syllables, was estimated manually with an experimental duration length. The experimental duration length much depends on the specific conditions and could not be widely applied for speech applications.
Current concatenative speech syntheses are only high quality if we have enough data of all phonetic contexts, such as in unit selection synthesis. If we have limited data and speech might need to be synthesized by replacing phoneme from different contexts, we need to consider coarticulation effects and modify the coarticulated transition interval to fit with the required context. However, current concatenative speech syntheses only averagely smooth the boundary points instead of the whole coarticulated transition interval between the neighboring phonemes [10] , [11] . It causes the quality of concatenative speech syntheses with limited data is not high.
The above analyses lead us to a problem that how to automatically estimate the coarticulated transition interval between neighboring phonemes within syllables. The answer for this problem can be solved by using the proposed folded transition measure in this paper.
IV. SPECTRAL TRANSITION MEASURE AND FOLDED SPECTRAL TRANSITION MEASURE

A. Spectral Transition Measure
Transient portions of the spectrum of speech signal, related to dynamic spectral information, have been considered important for speech perception [4] . Furui [4] defined the spectral transition measure (STM) for representing the magnitude of spectral dynamic.
The STM at the time t, D(t), is computed as 
Here C i (n) is the i th spectral coefficient (1 ip  ) at the n th frame within an interval whose center is the time t, and 00 n n n    .
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The regression coefficient a i , corresponds to the linear variation of the spectral envelope pattern in a unit time. Consequently, D(t), which is the mean-square value of a i , i = 1..p, corresponds to the variation of the smoothed spectral envelope.
Many researches [4, 5] show that the maximum of STM can be approximated as the boundary of the phonemes. Besides, the minimum of STM can be considered the center of phoneme nuclei, and approximated as location of idealized articulatory target [6, 7] .
B. Folded Spectral Transition Measure
Denote the center point of phoneme k is Nu k , the boundary point of phoneme k-1 th and k th is PB k . The phoneme k th is estimated in the interval from PB k to PB k+1 .
The FSTM is geometrically defined as a relatively changing rates of STM.
and D(t) is the STM at the time t.
For each phoneme k th , there are two folded transition points at the two sides of the center point Nu k , Tr k at the right side and Tl k at the left side. Tr k and Tl k is defined as the maximum of FSTM as shown in Fig.1 .
We can observe that the maximum of the FSTM estimates the points where the transition measure relatively changing rates are suddenly changed; those are the folded transition points. We proposed to estimate the coarticulated transition interval between the phoneme k-1 th and k th as the interval between the Tr k-1 and Tl k , shown in Fig.1 . The proposed estimation is based on the supposition that when changing from stable to dynamic region (and in inverse case), the relatively changing rate is suddenly increased (decreased) at the onset of dynamic (stable) region.
In the experiment in section V.C, we will investigate whether the folded transition points approximate the perceptual critical points of Furui's experiments [4] , and confirm that it can be used to estimate the coarticulated transition interval between phonemes.
V. EXPERIMENTS
A. Data Preparation
In this work, we conducted some experiments to investigate the coarticulation in Vietnamese. We based on the Kozhevnikov-Chistovich and Wickelgren models to design the stimuli for experiments.
Vietnamese is a mono-syllable language and coarticulation occurs between the neighboring phonemes within syllable rather than across syllables [12] . Based on the Kozhevnikov-Chistovich model, we designed the stimuli to investigate the coarticulation between neighboring phonemes within each syllable and ignored the coarticulation across the syllables. To achieve this goal, we chose a dataset of discrete Vietnamese syllables, in which each syllable was pronounced alone to remove the effects of coarticulation between syllables. We also chose the syllables which were pronounced clearly and slowly to avoid target undershoot in coarticulated phonemes within syllables.
Based on Wickelgren model, we designed the stimuli to investigate the coarticulation between only the two nearest neighboring phonemes. Thus, we chose the two-phoneme syllable set, which are three groups CV, VC and VV. Each group had 10 syllables. These syllables were sampled at 11025 Hz, quantized to 16 bits in single channel mode. The chosen dataset does not cover all Vietnamese syllable structures but cover three popular kinds of Vietnamese syllable structures, CV, VC and VV.
B. Stimuli and Method for Experiments
In order to confirm the duration of the dynamic, refered to as the coarticulated transition interval, Furui [4] conducted an experiment to investigate the identification scores of truncated syllables as a function of truncation positions. The beginnings and endings of the syllable were jointly truncated. The perceptual critical point was estimated as the truncation position when identification scores rapidly changed from a low score to a very high score exceeded about 80%. The interval between the two neigboring perceptual critical points, located at two sides of a phonemes boundary point, was considered the coarticulated transition interval between the two neigboring phonemes within a syllable.
The folded transition points in this paper, used to estimate the coarticulated transition intervals within syllables, therefore are refered to as the perceptual critical points that Furui mentioned. We will confirm whether the identification scores rapidly changed from a low score to a very high score when the truncation passing the folded transition points.
The stimuli of the experiments in this paper were developed from those of Furui, where the beginnings and endings of the syllable were jointly truncated by fixed size truncation steps. The spectral feature for STM and FSTM used in this paper is the line spectral frequency (LSF). Because the formant transition are considered corresponding with transition of articulators, the reason for selecting LSFs in this paper is that LSFs parameters are closely related to formant frequencies, and they can be estimated reliably.
Perceptual linear prediction (PLP) was confirmed to be more robust with environments than original linear prediction (LP) [13] . We expected that it is also robust with vowel neutralization phenomenon, caused by coarticulation. Thus, we used a perceptual LSF computed by PLP, called PLP-LSF, instead of using LSF computed by original linear prediction parameters.
The number of LSF coefficients p was 15 for each overlapped frame, where the frame size and interval were 10 ms and 3 ms in turn. The frame size and interval were set small to detect the target points more locally. The time shift n0 in STM was set to 2 frames. We truncated the syllable around the folded transition point, where truncation step index is set to be zero.
The truncation step was 5 ms, smaller than the step size used in Furui's experiments [4] to cope with the short phonemes. Syllables were concurrently truncated in both sides left and right of the coarticulated transition interval. After being truncated, the speech waveform amplitude was linear attenuated to reach zero at the truncation point.
We chose a group of five Vietnamese native listeners for these experiments. The listeners were required to identify the syllables and evaluate the quality of the syllables.
C. Experiment on Syllable Identification under effects of coarticulation
In this experiment, we will confirm that the perceptual critical points in the experiments of Furui [4] can be approximated as the folded transition points Tr and Tl, which can be automatically computed by the algorithm presented in the sub section IV.B. The 30 original syllables and their truncated versions were played in random order to the listeners. The listeners had to identify the syllables by writing the name of the syllables. The number of syllables correctly recognized by listeners was taken as the identification score.
The result is shown in Fig.2 , where syllables were truncated for both sides around the folded transition points, the step index of truncation equals 0 means the truncated syllable is the same region between two folded transition points, equal -1 means the truncated syllable is the region between two folded transition points added by two adjacent frames in both sides, equal 1 means the truncated syllable is the region between two folded transition points subtracted by two outermost frames, and so on.
The results show that the identification scores for the retaining intervals that equal or wider the coarticulated transition interval, corresponding with truncation step indexes smaller than or equal as zero, were very high. It confirms that human can identify the syllables only with the coarticulated transition interval. The identification scores for truncated intervals, corresponding with truncation step indexes larger than zero, are very low. It confirms that the two points Tl and Tr were approximate the perceptual critical points in the Furui's experiments [4] . The greater coarticulation effects, the more important information remain in the coarticulated transition intervals, then the higher scores human can identify the syllables.
In our experiments, we also found that coarticulation in Vietnamese VV structure is weaker than in CV and VC structures, thus the identification scores for truncated VV syllables under effects of coarticulation was worst. 
D. Experiment on Evaluating Quality of Syllable under effects of coarticulation
In this experiment, we will confirm that although human can identify the syllable only with coarticulated transition interval, the nuclei interval is still very important for speech quality perception. We provided the four versions of the syllables for listeners, including the original syllables (version 1); the truncated syllables retaining only coarticulated transition interval , as the interval between Tr k-1 and Tl k in Fig. 1 (version 2) ; the truncated syllables retaining the interval between nuclei points of the two phonemes in syllables, as the interval between Nu k-1 and Nu k in Fig.1  (version 3) ; and the truncated syllables retaining both of the two nuclei intervals and the coarticulated transition interval between the two phonemes, as the interval between Tl k-1 to Tr k in Fig.1 (version 4) .
The listeners had known the writing characters of syllables before, and were required to evaluate the quality of syllables on a five-point scale (1: bad, 2: poor, 3: fair, 4: good, 5: excellent). The result is shown in Fig.3 , in which we see that the quality of truncated syllables retaining only coarticulated transition interval is worst, the quality of truncated syllables retaining the two nuclei intervals and the coarticulated transition interval between the two phonemes is equivalent with that of original syllables. We also can observe that human perceived the quality of original syllables CV, VV and VC almost the same. But human perceived the quality of truncated syllables retaining only coarticulated transition interval of CV, VC better than that of VV syllables.
VI. CONCLUSION
In this paper, we investigated the speech perception under effects of coarticulation within syllables, including estimating the nuclei and coarticulated transition interval of phonemes, investigating the perception of nuclei and coarticulated transition interval of phoneme within syllable.
The folded transition points estimated by maxima of FSTM were confirmed to be approximate with the perceptual critical points in experiments of Furui [4] . Thus, they can be used to estimate the boundary points of nuclei and transition intervals within syllables.
Two experiments to investigate the syllable identification and syllable quality evaluation under effects of coarticulation were also conducted. The experimental results show that human are able to identify the syllables only with coarticulated transition interval but the nuclei interval is still important for speech quality perception.
